The deep study of solvent annealed small molecules bulk heterojunction organic solar cells based on DPP(TBFu) 2 : PC 60 BM blend is carried out. To reveal the reason of the solvent annealing advantage over the thermal one, capacitance-voltage measurements were applied. It was found that controlling the vertical phase segregation in the solar cells a high fullerene population in the vicinity of the cathode could be achieved. This results in increase of the shunt resistance of the cell, thus improving the light harvesting efficiency.
Introduction
Small molecular bulk heterojunction organic solar cells (BHJ OSCs) [1] [2] [3] [4] [5] [6] exceed 10% power-conversion efficiency (PCE) in multiple [7] and over 9% in single [8] junction arrangement which is a prospective alternative for polymer solar cells. They do not suffer from batch-to-batch differences and demonstrate repeatable synthesis accuracy, which is a significant advantage in the mass production. In its turn, solution processed BHJ OSCs are nowadays very appealing due to the extremely simple processing [9, 10] , flexibility [11] , color tenability, and unbeatable low weight [11] .
One of the prospective structural classes of donors in BHJ SCs diketopyrrolopyrrole (DPP) derivatives shows excellent photovoltaic performance both as a part of polymers [12] [13] [14] [15] and as dimers [16] [17] [18] , because of a low band gap, enabling them to absorb a large portion of the solar spectrum, as well as an ability to be further functionalized [19] [20] [21] [22] [23] to match the parameters required for the photovoltaic applications. Among the DPP monomers, DPP(TBFu) 2 ethyl-hexyl alkylated derivative showing high power-conversion efficiency (PCE) up to 4.4-4.8% with PC 70 BM [24, 25] and 4.0% with PC 60 BM [26] represents the most successful design. Applying solvent annealing for the DPP(TBFu) 2 : PC 70 BM blend 5% of PCE can be exceeded [27] , which is, up to now, the highest reported PCE among the monomeric DPP derivatives. Consequently, DPP(TBFu) 2 is often used as a benchmark compound in the current research dealing with new small molecular donors [28] [29] [30] , acceptors [31] , or tandem cells [32] .
In the present paper, we investigate the influence of the solvent treatment on the optical and electrical properties of DPP(TBFu) 2 : PC 60 BM based solar cells, as far as it has been shown [27] that the solvent annealed devices can exceed the thermally annealed ones in terms of efficiency.
Here, we present extended study of the abovementioned 2 International Journal of Photoenergy phenomenon including the precise electrical measurements of the devices [33] [34] [35] [36] [37] [38] , which allows getting deeper insight into the processes ongoing in the devices, mainly into the interface of the solvent treated top contact.
Experimental Section
2.1. Materials. PC 60 BM (Solenne, 99%), chloroform (Aldrich, 99.9%), MoO 3 (Aldrich, 99.98%), and Al (Aldrich, 99.99%) were used as received without further purification. Prior to dissolving, materials for the active layer were kept in vacuum at 60 ∘ C overnight and then transferred to the nitrogen atmosphere. The solutions for the active layer films were prepared from a DPP : PC 60 BM blend (1.5 : 1 by weight) in chloroform with a total concentration of 20 mg/mL following the sonication for 5 minutes until complete DPP dissolution. All manipulations were carried out in a glovebox under nitrogen atmosphere unless otherwise stated.
Device Fabrication.
For the device fabrication glass substrates with patterned ITO (Ossila) were preliminary cleaned in ultrasonic bath firstly in the 5% NaOH solution, then rinsed in water, and consequently washed twice in deionized water. Finally, ultrasonic treatment in isopropanol bath was applied for 10 minutes at room temperature. Then the substrates were covered with PEDOT : PSS by spin coating at 5500 rpm for 60 seconds followed by consequent annealing for 10 minutes at 150 ∘ C in the air and 10 minutes at 150 ∘ C in nitrogen atmosphere to remove residual moisture. DPP(TBFu) 2 : PC 60 BM heterojunction layer was deposited by dynamic spin coating dropping 25 L of the prepared solution on substrates prerotated at 2500 rpm keeping the rotation for 40 seconds.
Solvent Annealing Treatment (SVT).
Solvent annealing was applied in nitrogen atmosphere at temperature of 25 ∘ C. 2 mL of each solvent was injected into a 30 mm glass Petri dish and then it was closed for 20 min to achieve the saturation of the volume with solvent vapors. Then as-cast film was attached on the back side of a second Petri dish lid, which was quickly swapped with the lid covering the solvent-containing Petri dish. The film was about 1 cm above the solvent level during the SVT. After certain duration, the film was removed from the treatment chamber.
Finally Al cathode layers were deposited in the same vacuum cycle over all untreated and SVT samples.
Characterization Techniques.
Thickness of all the layers measured by the Dektak XT profilometer was in a range of 100 ± 10 nm. PCE measurement was performed under standard condition by AAA certified Abet Sun solar simulator with an air mass (AM) 1.5 G filter. The simulated light intensity was adjusted to 1000 W m −2 by using a NRELcalibrated Si solar cell. The following results are based on 24 electrodes statistics (4 devices of 6 electrodes for each measurement) for each type of device.
Capacitance-voltage measurements were performed on Solartron SI 1260 Impedance/Gain-Phase Analyzer TEM study was performed by High Resolution Scanning Transmission electron microscope HR STEM JEOL JEM 2100, acceleration voltage was 80-200 kV, maximum resolution was 0.23 nm between two points, and maximum magnification was 1500000x in conventional and 2000000x in scanning mode, with 5 basic regimes, bright field and dark field microscopy, diffraction from selected and nanosized area, and diffraction in focused beam, equipped with CCD camera GATAN Orius 832 SC1000 and GATAN Microscopy Suit Software.
Results and Discussion
A set of regular architecture (ITO/PEDOT : PSS/ DPP(TBFu) 2 : PC 60 BM/Al) devices were prepared using various conditions of SVT. As a solvent THF, DCE, CS 2 , and CB were chosen. For each solvent several treatment periods were applied to get the clear picture of the solvent influence on the active layer. All the samples were treated until notable degradation of device performance was observed.
As it is shown in Figure 1 using solvent annealing results in high PCE, the best results were obtained using THF solvent. Applying THF for a solvent annealing for 4 seconds, we reached an average PCE value of ∼4.5% which is notably International Journal of Photoenergy 3 higher than the thermally annealed reference devices prepared in the same conditions (PCE of ∼3.4% was measured). Generally, the best results were obtained with THF and DCE solvents applied for 4 and 10 seconds, respectively. Hereafter, samples treated in THF for 4 s will be considered SVT ones. All the solar cells except the overannealed degraded devices have shown good reproducibility in the range of ±0.2% PCE.
Main photovoltaic parameters of as-cast, solvent annealed (THF for 4 s), and thermally annealed (110 ∘ C for 10 min) devices are stated in Table 1 .
As it can be seen from Table 1 solvent annealing (THF 4 s) results in PCE augmentation mostly by the improving the fill factor (FF), namely, by notable increase in the shunt resistance ( sh ) (see Figure 3) . sh in its turn can be influenced by the vertical phase segregation; high fullerene (electron transport material) cathode population reduces cell shunting as far as electrons can be easily transferred from the fullerene to cathode. Indeed, it is known that the thermal or solvent annealing can result in the vertical phase segregation in the particular components of BHJ [37, 39] . To get deeper insight into the processes ongoing in the devices we performed capacitance-voltage measurements in order to reveal the changes of fullerene population on the top (cathode) contact. C-V measurement has proven to be a precise way to control a vertical segregation in working devices [37, 39] . In its turn, correct contacts population is a significant parameter to reduce shunting in the solar cell [37] [38] [39] [40] [41] , thus improving OSCs performance. DPP(TBFu) 2 material needs to be either thermally annealed [24, 25] or solvent [27] annealed which results in reorganization of the solid state ordering of the material. However, it cannot explain the advantage of the SVT over the thermally annealed samples; optical spectra of the SVT samples are identical to thermally treated ones (see Figure 2 ). Solvent treatment results in significant changes in crystallinity of DPP(TBFu) 2 analogously to the thermal treatment, which is derived from aggregation/interchain interactions, and increase in the crystallinity of material, which enhances the probability of optically active - * electronic transition, thus improving the PCE [24] . To explain this phenomenon we performed electrical measurements such as Mott-Schottky analysis to find a possible explanation of the abovementioned occurrence.
From the C-V measurements of the THF solvent annealed samples it is clearly seen that initial changes in the vertical phase distribution are observed in reducing the flat-band potential and increasing the carrier density of the layers which is associated with the reorganization of the crystal structure and emersion of the fullerene on top of the layer. Longer solvent annealing for 20 and 40 seconds caused further decrease of the flat-band potential and it is nearly equal to the one of the reference pure PCBM device; thus, we can state that the top cathode contact is mostly covered with PCBM, which results in reducing recombination processes in the solar cell and improves its performance (Figure 4 dramatically dropped) has shown the opposite behavior; flat-band potential is increasing; however, carrier density is decreased. We associate this fact with degradation of the material.
To study the phase segregation between donor and acceptor in the as-cast and solvent annealed layers, detailed study of the samples' surface was performed using the AFM. As it can be seen from Figure 5 (a), well organized crystallites can be observed at the surface of the as-cast layer which indicates high DPP ratio on the surface. However, after 4 seconds of SVT in THF, one can observe a distinct structure on the surface ( Figure 5(b) ) which is assumed to be a full fullerene population of the sample's surface and how it was proved by the electrical measurement. Degraded sample (80 seconds of THF SVT) in Figure 5 (c) had a surface with perceptible crystallites and with several relatively large aggregations. It can be seen from Figure 4 (a) that degraded sample possessed high population of the donor material on the surface. We associate this phenomenon with the acceptor degradation after SVT treatment.
To get the deeper insight we performed AFM Kelvin probe measurements on the abovementioned samples. Kelvin probe is known to be efficient method repeatedly used to observe donor-acceptor domains in the BH OSCs [42] [43] [44] . The Kelvin probe force microscope measures the height variations on the sample surface and, simultaneously, employs the electrostatic forces between sample and tip which as a result yield the contact potential (CP) [45, 46] . All the samples were measured in the air at ambient conditions with no light illumination applied. However, for the precise quantitative study of the materials' work function samples have to be measured in ultrahigh vacuum, and we do not consider the absolute values of the materials under study. Here, Kelvin probe images demonstrate staunchly relative overview: total work function of the images is nonnormalized; thus, by its difference one can observe separate domains of the donor and acceptor materials.
From Figure 6 , it can be seen that the best performing sample (Figure 6(b) ) as compared with as-cast sample (Figure 6(a) ) has different crystalline structure and, importantly, the difference in surface potential in case of SVT sample is much lower, which is associated with predominant onephase population of top contact: fullerene in the present case. Also, abovementioned large aggregations possess notably higher work function in comparison to the rest of the sample's surface; thus, it can be assumed that the soluble acceptor PC 60 BM creates large crystallites on the surface and at the same time bares the donor material at the cathode, which crucially deteriorates the performance of the solar cells.
The microstructure of the films studied by TEM is presented in Figure 7 . As it could be seen, the initial, as-cast film (Figure 7(a) ) was grown continuously with plume-like morphology of the grains. Because of the existing anisotropy, the size of the features was estimated to be about 150-200 nm for the shorter side and few times higher along the plumes. Two types of electronic contrast existed on the image. The darker areas were probably due to the thick and denser grains, whose presence on the surface was confirmed by AFM image in Figure 6 demonstrated that this film was completely amorphous and no crystalline phases existed in its volume. After the annealing of the film with THF for 4 s, it still remained amorphous ( Figure 7(b) ), but the morphology changed significantly. In this case the shorter size of the grains was between 20 and 40 nm, which was 10 times lower than for the same direction in as-cast film. The long grain size diminished also in comparison to the initial film. This influence of the annealing on the microstructure of the film could be due to the phase segregation of two components, DPP and PCBM in the depth of the film, which is proved by other authors and by C-V measurements, presented in Figure 4 (a).
The morphology of the film annealed for 80 s presented in Figure 7 (c) was more close to this one typical for the 4 s annealed films. The longer exposal to the THF vapors caused a degradation of the film microstructure resulting in appearance of holes, the white dots on the TEM image in Figure 7 (c). A drastic change in the phase composition of this film was detected from the SAED patterns, which evidenced for a single crystalline phase appearance. As the diffraction signal was collected with the diffraction aperture from the central area of the image where a darker, more contrast in electrons matter was registered, we could conclude that this is the image of the more dense crystalline phase giving the single crystalline diffraction patterns. The size of this feature was about 600-800 nm in diameter, similar to the size of a large particle presented by AFM for the same film on Figure 5 (c). The degradation of the device annealed at HTF vapors for 80 s is probably due to the physical degradation of the active layer together with the formation of a crystalline phase with different charge transfer in its volume.
Conclusion
In the present work it has been shown how the solvent annealing improves performance of small molecular solar cells in terms of DPP(TBFu) 2 : PC 60 BM bulk heterojunction solar cells. Similarly to the thermal annealing solvent treatment of an active layer leads to the structure modification resulting in formation of appropriate conditions for the solar energy conversion such as high crystallinity and morphology. However, solvent annealing was found to be more efficient treatment than the thermal annealing in terms of PCE. Using the capacitance-voltage measurements we have shown that solvent annealing results in more pronounced vertical phase segregation with an emersion of fullerene to the top contact which in turn reduces the photoshunt. Longstanding SVT treatment of the samples resulted in the formation of large acceptor crystallites and bared the donor at the cathode, which in turn negatively affected solar cells' PCE.
